ABSTRACT: Synthesis of stable and monodisperse Cu nanocrystals of controlled morphology has been a long-standing challenge. In this article, we report a facile disproportionation reaction approach for the synthesis of such nanocrystals in organic solvents. Either spherical or cubic shapes can be produced, depending on conditions. The typical Cu nanospheres are single crystals with a size of 23.4±1.5 nm, and can self-assemble into three-dimensional (3D) nanocrystal superlattices with a large scale. By manipulating the chemical additives, monodisperse Cu nanocubes with tailorable sizes have also been obtained. The probable formation mechanism of these Cu nanocrystals is discussed. The narrow size distribution results in strong surface plasmon resonance (SPR) peaks even though the resonance is located in the interband transition region. Double SPR peaks are observed in the extinction spectra for the Cu nanocubes with relative large sizes. Theoretical simulation of the extinction spectra indicates that the SPR band located at longer wavelengths is caused by assembly of Cu nanocubes into more complex structures. The synthesis procedure that we report here is expected to foster systematic investigations on the physical properties and self-assembly of Cu nanocrystals with shape and size singularity for their potential applications in photonic and nanoelectronic devices.
INTRODUCTION
Group IB metallic nanostructures, such as Cu, Ag and Au nanocrystals, are of particular interest as an important class of photonic components because of the interactions between their free electrons and light. This interaction results in surface plasmon resonances (SPR) at specific wavelengths. The unique optical properties of these nanocrystals, including the SPR effect and its associated light scattering, have enabled them to be widely used. Applications include enhancing light trapping and absorption for improving the performance of solar cells, 1, 2 providing substrates for the surface-enhanced Raman spectroscopy of trace chemical species, 3, 4 and providing ultrasensitive refractometric biosensors. 5 It is well known that the shape and size play important roles in determining the number, position and intensity of SPR modes. [6] [7] [8] [9] Moreover, a narrow size distribution is vital to induce a strong SPR signal at a specific wavelength. In the past decade, appreciable achievements have been made in the shape-controlled synthesis of noble metal nanocrystals, such as Au and Ag, with various morphologies. 7, 10, 11 However, comparable success with Cu has been elusive. 12 Reasons for this include the relatively poorer oxidation resistance of Cu nanostructures and the lack of shape control.
Nevertheless, given that Cu has a relatively low cost compared to noble metals, it may be useful to develop a facile strategy to prepare Cu nanocrystals with controllable shape and size distribution, as well as a better understanding of the role of shape in their optical responses.
About one decade ago, Pileni and co-workers had concentrated their efforts on understanding the growth mechanism of Cu nanocrystals of differing shapes 13 as well as tuning their optical properties. 14 Zhong et al. also tried to control the shape and size of Cu nanocrystals in organic 4 solvents with molecular capping agents and reaction temperature. 15 Pastoriza-Santos et al.
synthesized single-crystalline Cu nanoplates through reduction of copper salts by hydrazine with polyvinyl pyrrolidone as a stabilizer. An intense in-plane SPR band was observed in these Cu nanoplates. 16 Recently, Xia et al. were able to synthesize Cu nanocrystals with controllable shapes. 17 Progress has also been made in fabrication of Cu nanowires, [18] [19] [20] nanocubes 17, 20 and nanospheres. 21, 22 Nevertheless, preparation of Cu nanocrystals with monodisperse size distribution is still a difficult task. The conflict stems partially from the fact that strong reducing agents or high temperatures are normally required to reduce cupric ions into zero valent atoms because of the relatively low reduction potential of Cu 2+ . However, under such drastic reaction conditions, control of the shape of nanocrystals may be lost due to aggregative growth and Ostwald ripening. 23, 24 Another challenge is the propensity of Cu nanocrystals to oxidize. As a consequence, in order to synthesize monodisperse Cu nanocrystals in solution, it is necessary to pay attention to the way by which zero valent Cu atoms are generated. This may be done by modulating the redox potentials of the metal ions as well as by controlling the growth and ripening rate with stabilizing agents.
Previous research normally supposed that surfactants only served as capping agents or adsorbates [25] [26] [27] which played important roles in shape-selective synthesis of anisotropic nanocrystals as well as in controlling particle size distribution. However, the possible multiple roles of the surfactant molecules and anions in solvents should not be ignored. is much lower than that (330 o C) reported in a previous study. 30 To the best of our knowledge this is the first time that monodisperse Cu nanocrystals with both spherical and cubic morphologies have been achieved via such a simple one-pot disproportionation reaction. The growth mechanism of as-prepared Cu nanocrystals has also been elucidated. We will show that bromide anions along with other capping agents are indispensable for the shape-selective formation of Cu nanocrystals with such a narrow size distribution. Finally, theoretical 6 simulations of the extinction spectra of the as-prepared Cu nanocrystals were undertaken to better understand their optical properties.
EXPERIMENTAL SECTION
Chemicals. Oleylamine (80~90%) and tri-octylphosphine oxide (TOPO, 90%) were purchased from Acros Organics. Tri-octylphosphine (TOP, 90%) was purchased from SigmaAldrich. Toluene, n-hexane, acetone, ethanol and CuBr were purchased from Sinopharm Chemical Reagent Co., Ltd. All of these chemicals were used as received without any further purification. It should be noted that it is very important to keep TOP from being oxidized in order to prepare monodispersed Cu nanospheres. zone axes along with the fast Fourier transform (FFT) patterns are shown in Figure 1c and 1d, respectively. Well-aligned lattices without any twin structures indicate that the Cu nanosphere is a single crystal covered by a mixture of {011}, {111} and {100} facets on the surface (also see Figure S3 ). It should be note that it is not easy to tailor the size of monodisperse Cu nanospheres using the recipe described in the experimental section. In order to obtain Cu nanospheres with a smaller diameter, CuBr was replaced by copper acetylacetonate as a precursor, while TOPO was used to replace TOP (please find the synthetic details in Supporting Information). As a result, monodisperse Cu nanospheres with an average diameter of 12.6 nm were obtained (Figure 1e and S4). Owing to their very narrow size distribution and excellent dispersity in toluene solution, threedimensional (3D) superlattices of multi-layer Cu nanospheres deposited on silicon wafer are acquirable during a slow evaporation of toluene in a thermostat. The self-assembly procedure is schematically illustrated in Figure S5 . As can be seen from Figure S6 , a lustrous liquid film on the surface of Cu nanosphere colloid forms and it becomes brighter and brighter as the evaporation of toluene proceeds. This is due to the assembling of Cu nanospheres on the air/liquid interface, which will finally land on the silicon substrate. In the SAED pattern acquired from the area shown in Figure 4b , the diffraction ring owing to {111} facets almost disappears, while the diffraction ring owing to {200} facets becomes 14 stronger than all of the others, revealing the preferred orientation of the sample. Because these Cu nanocubes have a monodisperse size distribution and are well dispersed in toluene solution, they can be easily assembled onto silicon wafer (Figure 4c ) by the method illustrated in Figure   S5 . Cu nanocubes with other different sizes are shown in Figure S11 and S12. The above results indicate that not only the shape but also the size of Cu nanocrystals is tunable by adjusting the reaction condition in this facile one-pot procedure. 15 Firstly, the much stronger coordination of TOP to Cu + prevents the metallic ions from being fast reduced to Cu(0), which seems to be necessary to accumulate enough reactant species to reach the critical nucleation concentration to achieve instantaneous nucleation at a higher temperature (260 o C). 38 The high reaction temperature avails the formation of isotropous crystals and weakens the selective adsorption of Br -, which make the seeds grow equally in all directions into spherical-shaped crystals. Secondly, the synergistic effect of halogen anions and TOPO is necessary for the formation of a cuboidal geometry. Once TOP was replaced by TOPO, which possessed weaker coordination effect to Cu + , the nucleation process would happen at a relatively lower temperature (170 o C). The lower reaction temperature enables a slow growth rate. The {100} facets of the Cu crystal seeds would be selectively capped by Br -ions. From the Auger spectra acquired from the surface of Cu nanocubes, an obvious peak at 1398.5 eV belonging to the Br LMM transition (Figure 6a ) is observed, indicating the binding of Br -ions on Cu surfaces. However, in the Auger spectrum (Figure 6b ) that covers P LMM region, no peak is observed. A similar phenomenon is also found from the Auger spectra acquired from Cu nanospheres. This reveals that bromine ions have a stronger binding affinity than that of TOP or TOPO. The face-selective adsorption of halide anions has been well discussed in former reports. 20, 27 As a result, the other facets grew at a faster rate than the {100} facets. This kinetic difference led to the formation of Cu nanocubes instead of nanospheres. Optical Properties. By controlling the geometry of noble metal nanocrystals, such as Ag 11, 39 and Au, [40] [41] [42] researchers have successfully tailored the optical responses of metallic nanocrystals and set the SPR at a specific wavelength for particular application. Here we study the shapedependent optical characteristics of Cu nanocrystals. Among group IB metallic nanospheres, Cu displays the largest onset wavelength of interband transitions in the extinction spectrum 43 (about 600 nm, the green shadow area in Figure 7 ), which results in the weakest SPR intensity because of their location in the interband transition region. However, as can be seen in the extinction spectrum of the monodisperse Cu nanoparticles suspending in toluene solution (Figure 7a) , there is still a strong and narrow SPR peak at 576 nm overlapping on the background absorption 18 induced by the interband transitions. Given the monodispersity of the as-synthesized Cu nanospheres, the coherent oscillation of the free conduction electrons could be excited by light within a very narrow wavelength region, which leads to the enhanced SPR absorption.
Synthesis of Monodisperse Cu
According to Mie scattering theory, there should be a single SPR peak in the extinction spectrum of Cu nanospheres because of their spherically symmetric geometry, 43, 44 which is identical with our spectroscopic observation shown in Figure 7a . (experimental data is shown for comparison as a dotted line).
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To better understand the optical properties of the as-prepared Cu nanocrystals, we performed theoretical simulations of their extinction spectra, for single cubes, linear chains of up to five cubes, L-shaped aggregates of three cubes, and four cubes in a square arrangement (Figure 8 ).
These shapes were chosen because they had been observed in TEM samples of these cubes. The transverse plasmon resonance peaks of the simulation of the single cubes, Figure 6a , are a reasonable match to the higher energy peaks of the experimental data with any residual small discrepancies between the two probably due to a lack of geometric perfection in the experimental nanoparticles. The simulated peaks for single cubes of maximum theoretical edge sharpness are somewhat triangular in shape because the simulation has generated some higher order resonances of the transverse resonance peak. This phenomenon has been observed before in Ag cuboids. 9 Therefore, it was necessary to generate single cubes with slightly rounded edges to better match the experimental data.
As mentioned, experimental samples with cube sizes of 30.7 and 46.8 nm also showed a second broad resonance centered on about 860 nm. The simulations suggest that even two cubes in a side-by-side cannot generate such a deeply red-shifted resonance, and it appears necessary to invoke the existence of aggregates containing at least three, four and five cubes to explain them.
Spectra very similar in nature to the measured ones could be obtained by producing an ensemble average of such aggregated cubes, with the broader peaks of the experimental data being probably due to the presence of a small spread in cube dimensions. A breakdown of the shapes necessary to match the experimental spectrum is shown in Figure 8e for the case of the 46.8 nm cubes. A similar breakdown (not shown) applied in the case of the 30.7 nm cubes. In these simulations an inter-particle gap about 1.9 nm is necessary in order to provide the correct peak positions. The numerical simulations show that the electric field intensity on the individual Cu nanospheres is relatively low compared to that of the nanocubes, Figure 9 . The cubes are not only better nano-antennas for geometric reasons but, importantly, their characteristic resonance frequencies are also well away from the damping effect of copper's interband transitions in the mid to lower-wavelengths of visible light. Given that aggregation of the larger cubes occurred, it was interesting to also explore the electric field intensities of the assembled structures of two, three, four and five cubes. The increase in overall electric field intensity as the longitudinal 23 resonance of the aggregates is red-shifted is quite apparent in Figure 9 . Notice also that the fields at the sharp edges and in the gaps of these structures are very high relative to those of an isolated sphere or cube. Therefore, the aggregated structures may be more useful for some applications, such as SERS, than un-aggregated particles.
CONCLUSION
In summary, we have demonstrated a facile one-pot method that is based on a disproportionation reaction in oleylamine solvent. This technique provides a shape-selective synthesis of Cu nanocrystals with spherical and cubic morphology as well as with very narrow size distribution.
Owing to the relative mild reaction conditions and capping agents, the growth of Cu nanocrystals was kept under kinetic control. Monodispersed Cu nanospheres were generated when TOP was introduced as a capping agent, while TOPO could be used for the synthesis of monodisperse Cu nanocubes with tunable sizes. Furthermore, the optical properties of the as-prepared Cu nanocrystals were investigated both experimentally and theoretically. A strong and narrow SPR peak at 576 nm was observed for the Cu nanospheres, while the SPR peaks of Cu nanocubes exhibited a red-shift that increased with their sizes. Theoretical simulations on the extinction spectra agree well with the observed spectra. While the smaller cubes evidently stayed dispersed as single entities, the optical properties of suspensions of the cubes with larger sizes (30.7 nm and 46.8 nm) suggested that they had aggregated into triple, quadruple or even pentuple structures. The reported simple strategy for the synthesis of Cu nanocrystal in this study not only provides a convenient access to the further investigation of their physical properties due to their shape and reasonable size singularity but also may promote the application of Cu nanocrystals in photonic and nanoelectronic devices due to their comparatively lower cost than Au or Ag.
